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SUMMARY 


Some of the effects of angle of attack, sideslip, Mach number, and 
airplane configuration on the vertical -tail loads and, to a lesser extent, 
horizontal-tail loads have been discussed. In addition, the division of 
load between the exposed vertical tail and the fuselage has also been con- 
sidered. It has been shown that at low angles of attack, in both the sub- 
sonic arid supersonic speed ranges, adequate predictions of the vertical- 
tail loads can be made. At angles of attack at which the flow begins to 
separate from the wing and fuselage, however, large rolled-up vortices 
appear in the flow in the region of the tail assembly and large changes 
in both vertical- and horizontal -tail loads result. 

It has been shown that the effects of these vortices on the tail 
loads can be calculated if the strength and position of all vortices are 
known. For practical configurations with their complex fuselage shapes, 
however, it appears that, at present, some type of flow-visualization 
studies to indicate the vortex positions and some indication of the loads 
on the fuselage to estimate the vortex strength are necessary in order to 
estimate the tail loads. 


INTRODUCTION 


When an airplane is disturbed from equilibrium (as discussed in 
refs. 1 and 2), loads are developed on the tail surfaces of the airplane 
and usually act to oppose the motion of the airplane, that is, tend to 
bring the airplane back into equilibrium. The designer is interested in 
estimating these loads throughout the attitude range expected for the 
airplane in connection with both the stability of the configuration and 
the structural design of the tail surfaces themselves. 

The present paper examines some recent wind-tunnel data on loads on 
vertical and horizontal tail surfaces of conq)lete configurations in order 
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to point out some of the factors influencing the loads at high angles of 
attack. The data and discussion presented are limited to sideslip angles 
of the order of 4° or 
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SYMBOLS 


normal-force coefficient, N/qSy 


bending -moment coefficient. 


B 


qJiJl 
2 2 


vertical -tail normal force, lb 

root bending moment of horizontal -tail semispan, ft-lb 

dynamic pressure, pV2/2, Ib/sq ft 

mass density, slugs/cu ft 

free-stream velocity, ft /sec 

Mach number 

area of exposed vertical tail, sq ft 
area of horizontal tail, sq ft 
span of exposed vertical tail, ft 


span of horizontal tail, ft 

distance from fuselage— vertical -tail juncture to center of 
load on exposed vertical tail, ft 

lift on wingj or lift on fuselage alone, lb 

effective span of wing; or effective diameter of fuselage, ft 

circulation, sq ft/sec 

local section lift coefficient 

local chord 
average chord 
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RESULTS AND DISCUSSION 
Vertical -Tail Loads at Low Angles of Attack 


Procedures and data that cein be used in estimating the loads on most 
tail configurations at both subsonic and supersonic speeds and at low 
angles of attack are available in the literature. References 5 to 1 ^, 
for instauice, present studies relating specifically to tail assemblies, 
and references such as l4 and 15 , which relate to the lift-cxirve slope of 
lifting surfaces, can also be used provided the end-plate effect of the 
fuselage is properly accounted for. A comparison between the experimental 
and calculated vertical -tail normal -force coefficient at low angles of 
attack is presented in figure 1. The data presented were obtained by 
subtracting the measured side force on the model with the vertical tail 
removed from the measured side force on the complete model. Thxos the 
results shown represent the total tail load which included both the nor- 
mal force carried on the vertical tail and the additional increment of 
normal force that the vertical tail induced on the fuselage. The data 
were obtained from tests of the models at sideslip angles of the order 
of 4°. 

In the supersonic speed range, the calcxilated variation, from refer- 
ence 11, is in very good agreement with the ej^erimental data which were 
obtained from an unpublished investigation. A rather complete discussion 
of the procedures for calculating the forces on the tail assembly of a 
complete configuration at supersonic speeds is included in reference l6. 

References l4 and I 7 were xised for the calculations in the subsonic 
speed range. In making these calculations, the effective aspect ratio of 
the vertical tail was increased by the empiriceil relationship presented 
in reference I 7 to account for the end-plate effect of the fuselage. The 
end-plate effect of the fuselage can also be treated by procedures such 
as those outlined in references I 8 to 21. The experimental data shown at 
subsonic Mach numbers were obtained from reference 22. It should be 
remembered that the coefficients presented in the present paper are based 
on the exposed area of the vertical tall rather than on the area extended 
to the fuselage center line as is used in many of the references. 


Vertical -Tail Loads at High Angles of Attack 

Experience has indicated that the methods of calculation used at low 
angles of attack do not hold throughout the angle -of -attack range because, 
at high angles of attack, the vertical tail is operating in the disturbed 
flow field from the wing and fuselage. Any attempt to calculate the tail 
loads at high angles of attack should be based on ein understsuiding of the 
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Flow field at tail.- At subsonic speeds, an idea of the nature of 
the flow at the location of the vertical tail can be obtained by means 
of the tuft-grid technique as discussed in references 25 and 24. The 
setup used in obtaining tuft-grid pictures is illustrated in figvire 2. 

The tail surfaces are removed from the model and replaced by wires to 
indicate the location of the vertical tail eind three possible horizontal- 
tail locations. The tuft grid is mounted immediately behind the model and 
is made of closely spaced vertical and horizontal wires with a tuft tied 
at each intersection. The camera views the tufts from a point on the axis 
of the tunnel far downstream of the model. If the flow is disturbed, as 
by a vortex trailing from a wing tip, the tufts will follow the local flow 
direction and a projection of the tuft will be seen. The orientation of 
the tuft will give an indication of the local sldewash and downwash. 

A tuft-grid picture of the flow behind a model at an angle of attack 
of 10° and a sideslip angle of 25° is shown in figure 5. The model was 
painted black so as to make the tufts easier to see, and as a result the 
model itself is rather indistinct. The heavy white lines are the wires 
which indicate the location of the vertical tail and three possible 
horizontal -tail locations. The pictiire shows the system of vortices from 
the wing and fuselage. The fuselage vortex was found to originate at the 
nose of the fuselage. 

In this case, a high sideslip angle was chosen so as to make the 
fuselage vortex more distinct. At smaller sideslip angles, the vortex 
would be less intense but would also be much closer to the vertical tail. 
Fuselage vortices have also been shown to exist at supersonic speeds , as 
shown in references 25 to 2?. For these investigations the vapor-screen 
technique was used to obtain a picture of the flow . 

The presence of these vortices at both subsonic and supersonic speeds 
is not surprising because their strength depends on the crossflow velocity 
(component of velocity perpendicular to the fuselage axis), and as long as 
the crossflow Mach nmber remains subcritical the strength of the vortices 
and their position woiild be expected to be relatively independent of Mach 
number effects. 

The effect that a single vortex can have on the distribution of load 
on the vertical tail is illustrated in figure 4. Above the vortex, the 
sidewash from the vortex increases the local angles of attack on the ver- 
tical tail and thus increases the load. Below the vortex, the reverse is 
true, and the load is decreased. 

Method of calculation.- Any procedure for estimating the effects that 

the vortices from the wing and fuselage have on the vertical -tail loads at 
high angles of attack should take into account the effects of all the vor- 
tices trailing from the wing and fuselage. It is necessary to know both 
the position and strength of each vortex. 
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The system used in this paper (fig. 5), although somewhat arbitrary, 
was deduced from inspection of tuft-grid and vapor-screen pictures and was 
selected from among the arrangements tried because it appeared to give 
reasonable agreement with experiment. It is presented here as an example 
of the type of vortex system which exists behind some configurations; how- 
ever, it may not hold for all configurations. 

A vortex from each wing was assumed to trail strearawise from the 
qiaarter-chord line of the wing. For the calculations in this paper, their 
lateral positions were judged by inspecting measured span load distribu- 
tions on a wing of similar plan form. If vapor-screen or tuft-grid pic- 
tures of the flow behind the configviration in question are available, it 
woxild, of course, be preferable to use the positions indicated in these 
pictures. For the case of the wing vortices, tuft-grid or vapor-screen 
pictures at the Mach number in question will probably be necessaxy to 
locate accurately the vortices because the stall pattern on the wing and 
thios the positions of the vortices usually changes appreciably with Mach 
number. The strength of the vortices was determined from the vortex-lift 
equation 


L = pYTl 


where F is the vortex strength and I is the effective span of the wing 
over which the lift is assumed to be acting. 

Two vortices were assumed to be shed by the fuselage and to be posi- 
tioned as shown in figure 5* They were assumed to trail strearawise from 
the nose to the point of maximum fuselage cross-sectional area, from which 
point they were carried back parallel to the axis of the fiiselage. This 
positioning was purely arbitrary but is seen to give reasonable agreement 
between calculated and measured vertical-tall loads for the config\irations 
investigated. The radial positions of the vortices were determined by the 
orientation of the crossflow velocity, which is a f met ion of both an^e 
of attack and angle of sideslip, as shown in figiure 5 . The strength of 
the fuselage vortices was also determined on the basis of the above vortex- 
lift equation where, in this case, L is the combined components of the 
fmelage -alone lift and side force in the crossflow direction and the 
distemce factor I was assumed to be the fuselage diameter. 

For this paper, measured wing lift and measured lift and side -force 
data on the fuselage alone were used in computing the vortex strengths. 
Other papers which relate to the position and strength of vortices 
trailing from wing and fmelage shapes are listed as references 25 to 54. 

Comparison of calciilated and experimental total tail loads .- A com- 
parison of the vertical-tail loads calculated by this procedure with 
measxired loads for a high -wing and a low -wing model is shown in figvire 6. 
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The data presented represent total tail loads as obtained from the differ- 
ence between tail-on and tail-off tests. The agreement between the calcu- 
lated and measured data indicates that these variations of totsil vertical- 
tail load apparently do result from a system of vortices similar to that 
assumed, although the strength and/or position of the vortices assumed for 
the high -wing configiuration apparently were not exactly correct. 

For these calculationb , the effect of the vertical position of the 
wing on the sldewash at the vertical tail was accounted for by the proce- 
dure of reference 55- References 56 to 58 also give information relative 
to the effect of wing position on the sidewash at the vertical tail and 
thus on the tail loads. 

As might be expected, the fuselage vortices were found to have the 
greatest effect on the vertical -tail loads. It would be expected, then, 
that the shape of the fuselage could also have a significant effect on 
the sidewash at the tail and thus on the tail loads. 

The effect of fuselage shape on the vertical-tail loads is illustrated 
in figure 7* These data also represent the total tail load as obtained 
from the difference between tail-on and tail -off tests. Note the extreme 
variation of tail load for the square -fxiselage configuration. This extreme 
variation is probably due to an appreciable increase in the strength of 
the vortices shed from the fuselage resulting from the square corners of 
the fuselage. The corners in this case were not sharp but had a radius 
of about 10 percent of the fuselage width. Lift data on the square fixse- 
lage alone were not available to use in estimating the strength of the 
fuselage vortices. It was necessary then to estimate the lift of the 
square fuselage, and this was done by increasing the Viscous lift of the 
round fuselage by the ratio of the drag of a square rod to that of a round 
rod perpendicular to the wind. The positions of the vortices were assumed 
to be the same as those for the roimd fuselage. 

The designer seldom has such simple fuselage shapes to deal, with, 
however. A practical fuselage usually provides space and protuberances 
for such things as air intakes for the engines, radar domes, and the 
canopy for the pilot. The variation of total tail load with angle of 
attack for such a complex fuselage shape is also shown in figure 7. 

Fuselage -alone data were available for this configuration, but apparently 
there are other factors affecting the strength and/or position of the vor- 
tices at the intermediate angles of attack that were not considered. 

The low value of vertical -tail load per degree of sideslip at high 
angles of attack, of course, does not necessarily indicate low overall 
tail loads because this low level also indicates that the configviration 
would have poor directional stability and iinder these conditions large 
sideslip angles might be expected. As a resvilt, the tail loads at the 
high angles of attack may be more critical than at the lower angles of 
attack. 
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Division of load .- The data presented in figures 6, 7 repre- 

sent the total vertical-tail load as determined from the difference between 
tail-on and tail -off tests and include both the load on the exposed part 
of the vertical tail and the load that the tail induces on the fuselage. 
These data axe primarily of interest in connection with the stability of 
the airplane. For structural design the designer eilso woiild like to know 
the division of load between the fuselage and the exposed vertical tail. 
Recently two models have been instrumented with strain-gage balances in 
order to obtain some information on the breakdown in load between the 
exposed tail and the fuselage. One of these models is shown in figure 8. 
The strain-gage balance Installed in the fuselage measured the load on the 
exposed part of the tail and the root bending moment about the dotted line. 
The model could be equipped with two alternate horizontal -tail configura- 
tions, one on the fuselage center line and one on top of the vertical tail 
in a T-configuration. 

The division of load between the exposed tail and the fuselage for 
this model with the horizontal tail in the low position is shown in fig- 
vire 9. The effect of relocating the horizontal tail from the low to the 
high position is shown in figure 10, and the effective position of the 
center of pressure of the load on the exposed vertical tall is presented 
in figure 11. This is referred to as an effective position of the center 
of pressure because it was obtained by dividing the measixred root bending 
moment by the measured normal force, and, in the case of the high- 
horizontal -tail configuration, the measured root bending moment of the 
vertical tail included the rolling-moment couple that the horizontal tail 
iniposes on the vertical tail. These data (figs. 9> 10> aJid 11) were 
obtained from tests at sideslip angles of t4°. 

The csilculated division of load between the exposed tail and the 
fuselage was obtained by calculating the span load distribution over the 
vertical tail by the procedure of reference 6 and integrating the loading 
over the appropriate part of the tail span. Contrary to the method of ref- 
erence 6, wherein the entire fuselage load is estimated, the present paper 
deals only with the load induced on the fuselage by the vertical tail. 

The calculations were made, therefore, by assimiing that the vertical tail 
was at an angle of incidence equal to the angle of sideslip and that the 
fuselage was at zero sideslip. 

At the higher angles of attack the local angle -of -attack distribution 
over the vertical tall was modified by the sidewash from the system of 
vortices assvuned (fig. 5) the calculated load distribution was modified 
by a strip-theory analysis. The resulting modified load distribution (sim- 
ilar to fig. 4) was then Integrated again over the appropriate percentage 
of tail span to obtain the division of load (fig. 9)* The calculated 
center-of -pressure travel was also obtained from these calculations 
(fig. 11). Again the agreement is good, and in particular the csdculated 
center-of -pressure variation indicates that the assumed vortex positions 
are approximately correct for this model. 
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Placing the horizontal tail atop the vertical tail (fig. 10) effec- 
tively increases the aspect ratio of the vertical tail and thus increases 
the load on the vertical tall. The estimated increment of vertical -tail 
load shown was obtained from reference 39 and was added to the angle -of - 
attack variation throughout the angle -of -attack range. Additional informa- 
tion on the effect of the horizontal tail, in any position, on the vertical- 
tail loads can be found in references 5 , 4 , 6 to 9, and i)-0. 

The effect of Mach number in the transonic range on the division of 
load is illustrated in figure 12. The instrumentation of this model was 
similar to that for the model shown in figtire 8. In general, the effects 
of Mach number are small , with the exception of the data for an angle of 
attack of 13°. References l4 and 17 were used in making the calculations 
shown. In making these calculations the effective aspect ratio of the 
vertical tail was increased (ref. 17 ) to account for the end-plate effect 
of the fxjselage. 


Horizontal -Tail Loads 

. Examination of tuft-grid pictures, such as figure 3, indicates that 
the horizontal tail can also be significantly affected by the system of 
vortices trailing from the wing and fuselage. In figure 3^ the fuselage 
vortex is in a position to have serious effects on the load on a horizon- 
tal tail placed in the middle position. At higher angles of attack, the 
wing vortices can also have serious effects , because as the angle of 
attack is increased the wing tips begin to stall, and as the stall pro-^ 
grasses the trailing vortices from the wing move in and approach the tail. 
If, in addition, the airplane is at an angle of sideslip, one tip of the 
tail moves toward the vortex. The effect, that a single vortex can have 
on the load distribution on the horizontal tail is illustrated by the 
calculated load distributions in figure 13 . The vortex has the greatest 
effect on the load distribution when it has moved inboard from the tip 
of the horizontal tail. Inboard of the vortex, the local angles of 
attack are decreased and the load is reduced. Outboard of the vortex 
the local angles and the load are increased. 

Similar effects are shown in the ejqperimental load distributions and 
root bending -moment coefficients shown in figure l4. The measured load 
distributions were obtained with the horizontal tail set at zero inci- 
dence. Note the rapid increase in the difference between the root bending- 
moment coefficient of the right and left semispans of the horizontal tail 
at the highest angles of attack (M = 0.8). This trend is apparently due 
to the effects of the trailing vortex from the right wing as shown by the 
measured span load distribution. 

At a Mach number of O .98 these large changes in load are apparently 
not. present in the angle-of-attack range tested, because at this Mach 



NACA RM L55El6a 


9 


mimber the stall pattern of the wing has changed and the trailing vor- 
tices from the wing have not moved in. References 31, 32, 4l, and 42 
also deal with the problem of asymmetric loads on the horizontal tail or 
the effects of trailing vortices. There are other factors, such as the 
fuselage vortices and the load that the vertical tail induces on the hori 
zontal tail, that are affecting the measured load distribution shown in 
figure l4. These factors were not considered in the calculated load dis- 
tributions shown in figure 13. 


CONCLUDING REMARKS 


Some of the effects of angle of attack, sideslip, Mach number, and 
airplane configuration oh the vertical-tail loads and, to a lesser extent 
horizontal -tail loads have been discussed. In addition, the division of 
load between the exposed vertical tail and the fuselage has also been con 
sidered. It has been shown that at low angles of attack, in both the sub 
sonic and supersonic speed ranges, adequate predictions of the vertical- 
tail loads can be made. At angles of attack at which the flow begins to 
separate from the wing and fuselage, however, large rolled -up vortices 
appear in the flow in the region of the tail assembly and large changes 
in both vertical- and horizontal -tail loads result. 

It has been shown that the effects of these vortices on the tail 
loads can be calculated if the strength and position of all vortices are 
known. For practical configurations with their complex fiiselage shapes, 
however, it appears that, at present, some type of flow-visualization 
studies to indicate the vortex positions and some indication of the loads 
on the fuselage to estimate the vortex strength are necessary in order to 
estimate, the tail loads. 

Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 

Langley Field, Va., April 22, 1955* 
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ANGLES OF ATTACK 


-.02 


ACn -.04 
-.06 
-.08 



0 

V. 


.5 1.0 1.5 2.0 2.5 3.0 

M 


Figure 1 


SETUP FOR FLOW SURVEY WITH TUFT GRID 


SETUP IN TUNNEL 


TYPICAL FLOW PATTERN 
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FLOW FIELD BEHIND MODEL 
a=lO®5 ^=25° 



Figure 5 


EFFECT OF FUSELAGE VORTEX ON VERTICAL-TAIL 
LOAD DISTRIBUTION 
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VORTEX SYSTEM USED TO APPROXIMATE THE FLOW FIELD 
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EFFECT OF WING HEIGHT ON TOTAL VERTICAL-TAIL LOAD 
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Figure 6 
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EFFECT OF FUSELAGE SHAPE 
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MODEL USED IN INVESTIGATIONS OF 
LOAD ON EXPOSED VERTICAL TAIL 




18 


NACA RM L55El6a 


COMPARISON OF TOTAL VERTICAL-TAIL 
LOAD AND LOAD ON EXPOSED TAIL 
M»0.80} LOW HORIZONTAL TAIL 



Figure 9 


EFFECT OF HORIZONTAL-TAIL POSITION 
ON EXPOSED-VERTICAL-TAIL LOAD 
M‘0.8 
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EFFECTIVE SPANWISE POSITION OF LOAD 
ON EXPOSED TAIL 

M*0.80 



Figure 11 


EFFECT OF MACH NUMBER ON TAIL LOAD 
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WING-VORTEX EFFECT ON HORIZONTAL-TAIL 
LOAD DISTRIBUTION 
CONSTANT TOTAL LOAD 
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